Introduction
Horizontal gene transfer (HGT) between unrelated species is thought to be one of the leading creative forces driving bacterial evolution (Ruiting and Reeves 1996; Doolittle 1999a; Eisen 2000; Ochman, Lawrence and Groisman 2000; Dutta and Pan 2002) . If a horizontally acquired gene is to be kept and expanded within a bacterial population, it must confer a selective advantage upon the host species and increase its fitness, for colonizing new environments or new hosts, for example. HGT has been demonstrated in many pathogenic and non pathogenic bacteria (Smith, Feng and Doolittle 1992; Syvanen 1994; Eisen 2000; Dutta and Pan 2002) . Clusters of genes acquired as a single unit by horizontal transfer form so-called ''genomic islands.'' These genomic islands typically contain intact mobile genetic elements or residual material from such elements. They are flanked by direct nucleotide repeats, and are sometimes inserted in the vicinity of tRNAs (Hacker and Kaper 2002; Canchaya et al. 2003; Hacker et al. 2004; Frost et al. 2005; Thomas and Nielsen 2005) . Several types of genomic island have been described, including pathogenicity islands (PAIs), which contain virulence genes required for host colonization, and symbiosis islands ).
The tubercle bacilli comprise both the M. tuberculosis complex (MT-complex) -M. tuberculosis, M. bovis, M. microti, M. africanum, M. pinnipedii, and M. caprae species -and its ancestral species ''Mycobacterium prototuberculosis'' (Gutierrez et al. 2005 ). Very few of the genes of M. tuberculosis were initially thought to have been acquired by HGT (Cole et al. 1998) . Several genes (Saves et al. 2001; Blanc-Potard and Lafay 2003; Kinsella et al. 2003) , transposons and insertion sequences (IS) (Martin et al. 1990; Mariani et al. 1993; Picardeau, Bull and Vincent 1997) and plasmids (Le Dantec et al. 2001; Stinear et al. 2004 ) were thought to have been transferred to Mycobacteria by HGT. Further studies based on more sophisticated parametric methods showed that Mycobacteria have been subject to average levels of HGT (Garcia-Vallve, Romeu and Palau 2000; Ochman, Lawrence and Groisman 2000; Nakamura et al. 2004; Dufraigne et al. 2005) . We recently showed that the Rv0986-8 virulence operon (Pethe et al. 2004; Rosas-Magallanes et al. 2006b ) arose in the ancestor of the tubercle bacilli by HGT from a c-proteobacterial species (Rosas-Magallanes et al. 2006a) . We showed that this operon was specific to both the M. tuberculosis complex and to its ancestral species ''M. prototuberculosis'' (Gutierrez et al. 2005 ) but absent from all other mycobacterial genomes examined, including that of Mycobacterium marinum, the species most closely related to the MT-complex. This raised the question of the contribution of horizontal gene transfer to the evolution of the ancestor of the tubercle bacilli and the emergence of M. tuberculosis complex as major pathogens (Smith 2003) .
Two in silico strategies are used to detect genes introduced by horizontal transfer: parametric methods and phylogenetic approaches. Phylogenetic methods detect potential HGT in the form of genes displaying phylogenetic incongruency (Lecointre et al. 1998; Maynard-Smith and Smith 1998; Doolittle 1999b; Wolf et al. 1999) . The dependence of these methods on the availability of multiple homologous sequences limits their suitability for genomewide HGT detection. In contrast, parametric methods detect potential HGT based solely on the genome sequence of an organism. Foreign DNA fragments are identified on the basis of differences in characteristics between these fragments and the rest of the genome (Lawrence and Ochman 1997; Nakamura et al. 2004) . Various methods, mostly based on nucleotide content, codon usage and oligonucleotide frequencies, have been described (Karlin, Mrazek and Campbell 1998; Mrazek and Karlin 1999; Garcia-Vallvé, Romeu and Palau 2000; Karlin, 2001; Nakamura et al. 2004; Dufraigne et al. 2005 ). These methods sometimes give different results (Ragan 2001; Lawrence and Ochman 2002; Dufraigne et al. 2005) . We therefore used a combination of parametric methods, to obtain a consensus for the detection of potential HGT (Azad and Lawrence 2005) .
We further investigated this aspect of the evolutionary history of the tubercle bacilli by combining our consensus method with an analysis of genomic features and in vitro validation. Our results strongly suggest that the ancestor of the tubercle bacilli underwent episodes of substantial HGT, mostly from environmental Proteobacteria. We identified several DNA fragments limited to tubercle bacilli among Mycobacteria, with features typical of the genomic islands commonly found in other bacteria. Several of these genomic islands were found to contain genes with putative or documented virulence functions, and may therefore be seen as typical PAIs.
Materials and Methods Sequences
The complete sequences of Mycobacterium tuberculosis H37Rv (NC_000962.2) (Cole et al. 1998; Camus et al. 2002) , Mycobacterium tuberculosis CDC1551 (NC_ 002755.2) (Fleischmann et al. 2002) , Mycobacterium bovis AF2122/97 (NC_002945.3) (Garnier et al. 2003) , Mycobacterium ulcerans Agy99 (NC_008611.1) (Stinear et al. 2007 ), Mycobacterium avium subsp. paratuberculosis K-10 (NC_002944.2) (Li et al. 2005) and Mycobacterium leprae TN (NC_002677.1) were retrieved from Genbank. The complete sequence of Mycobacterium smegmatis MC2 was obtained from the Institute for Genomic Research. Mycobacterium marinum sequence data was provided by the M. marinum Sequencing Group at the Sanger Institute. For convenience, Mycobacterium tuberculosis H37Rv is used as the reference, with all genes named as in this genome.
Bacterial Strains
DNA from representative strains of eight genetic groups of ''Mycobacterium prototuberculosis'' (A, B, C, D, F, G, H, I) (Gutierrez et al. 2005 ) was used to determine whether the sequences acquired by putative HGT were or not already present in the ancestral species of M. tuberculosis. Two strains belonging to the M. tuberculosis complex (M. tuberculosis Mt14323 and M. bovis BCG) were also studied, and M. tuberculosis H37Rv was used as a positive control.
Genomic Signatures
The characteristics of a given sequence can be analyzed with a four-letter word signature (Deschavanne et al. 1999; Dufraigne et al. 2005) . This four-letter word signature is based on the frequencies of all tetranucleotides contained in the sequence, obtained with a very rapid algorithm derived from chaos game representation (CGR) (Jeffrey 1992; Deschavanne et al. 1999) . Four-letter words were chosen because this length presents the best compromise between discriminatory power and length of windows (see below). Signatures were compared by measuring Euclidean distances between them, where i is one of the 256 possible four-letter words:
Detection of Regions of Potential HGT Horizontally acquired sequences are thought to have various atypical genomic characteristics, if they are recent enough to not have been ameliorated yet (Lawrence and Ochman 1997; Ochman, Elwyn and Moran 1999) . We therefore used an approach for HGT detection based on the consensus of three parametric methods (Azad and Lawrence 2005) . A gene was considered to have been horizontally transferred if detected by at least two of the following three methods:
(1) GþC content was calculated at the first and third codon positions of all genes. Genes with values higher or lower than the corresponding thresholds of the GþC content distribution (lower threshold 5 lower quartile -0.25 x interquartile distance and upper threshold 5 upper quartile þ 0.25 x interquartile distance) (Lawrence and Ochman 1998 ) are considered to have been potentially acquired by horizontal transfer;
(2) Factorial correspondence analysis of absolute codon frequencies for all genes, excluding the PE/PPE multigene families, was carried out (Medigue et al. 1991) . Genes were clustered using a k-means method into four groups and genes belonging to neither the highly expressed gene group nor to the two housekeeping gene groups (a group of genes enriched in hydrophobic amino acid codons and the others) (Carbone, Zinovyev and Kepes 2003) were considered to be of foreign origin.
(3) The genome was scanned by calculating the signatures of 5 kb overlapping sliding windows (step 5 0.5 kb). The Euclidean distance between each window signature and the signature of the whole genome sequence was calculated. Genes included in windows with a distance greater than the threshold value (threshold 5 97.5% percentile) were considered to be of foreign origin ) (illustrations of HGT signatures are presented in Supplementary figure 1).
Adjacent atypical genes on the same strand were then concatenated into atypical regions.
Ortholog Determination
Orthologs in MT-complex genomes were defined as BlastP reciprocal best hits (E-value , 10 À20 ) (Altschul et al. 1990) . MT-complex genes were considered to have an M. marinum ortholog if their BlastP best hit (threshold: E-value , 10 -20 and identity . 50% of protein length) against M. marinum predicted peptides displayed conserved synteny with adjacent orthologs. We checked that the absence of the corresponding gene was not due to a deletion in the M. marinum genome, by verifying the absence of these genes and their synteny in the following mycobacterial genomes: M. ulcerans Agy99, M. leprae TN, M. avium subsp. paratuberculosis K-10 and M. smegmatis MC2.
Southern Blot
The mycobacterial strains were grown on LowensteinJensen medium at 37°C for 3 weeks. Mycobacterial chromosomal DNA was extracted and amplified. PCR was performed with Taq DNA polymerase (Qbiogene, Carlsbad, CA), according to the manufacturer's recommendations. PCR conditions were as follows: 5 min at 95°C, then 35 cycles of (1 min at 95°C, 1 min at 55°C, 1 min at 72°C) and 10 min at 72°C. Southern blotting was performed by a previously described method (van Embden et al. 1993) . The membranes were sequentially probed with one of 13 probes specific to horizontal transfer sequences. The probes were labelled and detected with an enhanced chemiluminescence kit (ECL; Amersham International).
DNA probes were generated using the following primers: 0301Fd, 5'-CTGATCGACAAGTCGGCGC-3', 0301Rv, 5'-CCCGACAGTTCGGCTGTC-3', 0323cFd, 5'-CGGACCGACCGAAACCTC-3', 0323cRv, 5'-GATC GGCGATCGGTTGGG-3', 0656cFd, 5'-CACCGAGGCC TGGAACTC-3', 0656cRv, 5'-CTAGTCGTCGGCGCTG AC-3', 1044Fd, 5'-CGCGATGCGCGAGACATC-3', 104 4Rv, 5'-CCGTCGTGACGGGTATTCC-3', 1053cFd, 5'-
Potential Origin of Genomic Islands
We generated and maintained our own database containing the genomic signatures of 65,105 species, strains, organelles, viruses and plasmids. For each genomic island, we calculated the signature of adjacent atypical genesgenes detected by the signature method alone or by the consensus. We used the signature of these regions of HGT to search the signature database for the 35 signatures closest in terms of Euclidean distance. As genomic signature is species-specific, the species/strains with the closest signatures could be considered as potential donors of the genomic islands only if the distances obtained were below the average thresholds used for HGT detection .
Results

Detection of Atypical Regions
We analyzed the genomes of three members of the MT-complex -M. tuberculosis H37Rv, M. tuberculosis CDC1551, and M. bovis AF2122/97 -with a consensus of parametric methods, to detect potential horizontal gene transfers. In each genome, we identified 160 to 200 regions of potential HGT, from 300 bp to 10 kb in length and containing 1 to 10 genes (table 1). The amount of atypical DNA FIG. 1.-Genomic features of the genomic islands Rv1041c-Rv1055 (A) and Rv3173c-Rv3191c (B). M. marinum genes flanking the MT-genomespecific island are indicated in white. The gene references are indicated for M. tuberculosis H37Rv (Rv) and M. marinum (MM). Transposases, integrases and insertion sequences (IS) are shown in stripes. All genes of the specific genomic island are schematically represented as following: black (dented lines for IS) indicates genes detected as resulting from HGT by the consensus method; white dots on a black background (spaced diagonal stripes for IS) indicate detection with only one method and black dots on a white background (close diagonal stripes for IS) indicate that the gene was not identified as resulting from HGT by any of the parametric methods used. Small horizontal black triangles indicate direct repeats (DR). Light gray vertical triangles indicate tRNA sequences.
detected accounted for about 230 kb per genome, corresponding to 5% of the size of the entire genome. The GþC content of the detected regions generally differed little from that of the whole genome. The difference in the number of detected genes acquired by HGT between the genome of M. tuberculosis CDC1551 and the other two genomes could be confusing knowing that they share 99% of identity at the nucleotide level (Fleischmann et al. 2002) . The ORF detection and annotation where not conducted the same way, therefore M. tuberculosis CDC1551 has 54 detected HGT with no homolog in M. tuberculosis H37Rv and M. bovis AF2122/97, even though sequences are present at the nucleotide level.
Genomic Features of MT-Complex Specific Horizontal Transfer Regions
We investigated the evolutionary history of the MTcomplex, focusing exclusively on potential horizontal transfer regions specific to the complex -common to all three MT-complex genomes but absent from other Mycobacteria. We found that 153 of the potential HGT in M. tuberculosis H37Rv had orthologs in the other two MT-complex genomes. Of these genes, 76 had no syntenic homolog in M. marinum, M. ulcerans, M. leprae, M. avium or M. smegmatis. Assuming that adjacent detected genes were transferred during a single HGT event, the 76 genes could be grouped into 56 chromosomal regions each corresponding to a potential horizontal transfer event and specific to the MT-complex genomes.
The horizontal transfer of genomic material generally involves a genomic region including several genes. The genes transferred in a single horizontal transfer event may be subject to different selective pressures. Some adapt to the genomic characteristics of the host, whereas others retain their foreign characteristics, and the remainder develop characteristics intermediate between these two extremes (Lawrence and Ochman, 1997; Nakamura et al. 2004) . Thus, our consensus method is unlikely to detect all the genes transferred in a single horizontal transfer event. We therefore extended the 56 regions, adding adjacent genes conserving the local synteny, with no match in M. marinum, M. ulcerans, M. leprae, M. avium or M. smegmatis, to generate 48 genomic islands (table 2). These genomic islands accounted for 4.5% of the M. tuberculosis H37Rv genome (199 kb) and included 256 genes. One of these regions, corresponding to the Rv0986-8 virulence operon, has already been reported to have been acquired through horizontal transfer (Rosas-Magallanes et al. 2006a ). Furthermore, 45% of these regions were found to contain features typical of genomic islands, such as IS, repeats (direct repeats or genes of the PPE or PE_PGRS families, which are highly conserved and repeated in Mycobacteria), transposases, phage genes and tRNA (supplementary table) . The genomic features of the Rv1041c-Rv1055 and Rv3173c-Rv3191c islands are illustrated, as an example, in figure 1. Based on the pattern of detection of the genes, we were able to identify three types of gene: genes that have adapted completely to the host (not detected by any of the parametric methods), genes that have partly adapted to the host (detected by only one method) and genes that have retained their foreign characteristics (detected by the consensus method).
Putative Functions of Transferred Genes
A putative function has been attributed to about 50% of the genes included in the genomic islands (table 3A) (Cole et al. 1998; Camus et al. 2002) . Genes of unknown function, and genes implicated in genetic mobility such as IS and transposases, repeated sequences, phage-related proteins (integrases and excisionases), were found to be overrepresented in our genomic islands. In total, 21 genes, including the three genes of the Rv0986-8 operon (Pethe et al. 2004; Rosas-Magallanes et al. 2006b ), have previously been reported to be involved in M. tuberculosis virulence, by in vitro and in vivo screens of mycobacterial mutant libraries (table 3B) . Other genes, such as Rv2303c, may be involved in M. tuberculosis antibiotic resistance, which has yet to be investigated. As (Sassetti and Rubin 2003) made a complete virulence gene screen, wecould compare the proportion of virulence genes in the detected islands, 8.2%, to their proportion in the whole genome, 6.5%. It seems that virulence genes are slightly overrepresented in the genomic islands.
Rearrangements in Genomic Islands
Twenty-four out of the 231 genes (integrases/transposases and PE-PGRS genes excluded) in our 48 genomic islands have paralogs. Twenty-three of them can be attributed to posterior rearrangements of the genomic island, i.e. native genes were duplicated and their copy was integrated into the horizontal transfer detected. For the last gene, Rv0628c, as it constitutes a genomic island by itself, it cannot be concluded if the gene was acquired by horizontal transfer and then duplicated or if it is a duplicated native gene that derived in genomic characteristics. This gene is around 65% identical with its paralog Rv0874, which has been detected by one method only, instead of two for Rv0628c. Furthermore, the paralog Rv0874 has no ortholog in other Mycobacteria (M. marinum, M. ulcerans, M. avium, M. smegmatis, M. leprae). Therefore we rather consider it as a horizontal transfer that was duplicated later on, one copy being ameliorated faster than the other. By analyzing the genomic features of the 10 largest (. 6 kb) genomic islands in the three MT-complex genomes, we were able to show that four of these islands had undergone genomic rearrangements, such as gene conversions, insertions or deletions of 0.5 to 3 kb. Two examples -the Rv3108-Rv3126c and Rv3173c-Rv3191c islands -are presented in figure 2. In the first, Rv3117, Rv3118 and Rv3119 are present as multiple copies in the MT-complex genomes, whereas M. bovis has one fewer copies of Rv3118 and Rv3119 and lacks Rv3120 and Rv3121. Furthermore, although the other Mycobacteria have multiple copies of Rv3117 and Rv3118, they nonetheless have one copy less than M. tuberculosis strains. We therefore suggest that a duplication event and its subsequent transposition led to the ancestor of the MT-complex gaining three genes (Rv3117-9) within the Rv3108-Rv3126c island. Then, solely in M. bovis AF2122/97, two genes (Rv3118-9) of the island were deleted, with this deletion also affecting the two adjacent genes, Rv3120 and Rv3121. Assuming parsimony, an insertion event that only affected M. tuberculosis H37Rv seems to have led to a gain of four genes within the Rv3173c-Rv3191c island. However, as these four genes are transposases for IS6110, a mobile element, evolution may have followed two different courses: either these genes were lost in CDC1551 and M. bovis AF2122/97 or they were transposed into this genomic island solely in M. tuberculosis H37Rv.
Presence of Horizontal Transfer Islands in the ''M. prototuberculosis'' Genetic Groups
We also used Southern blotting to investigate the presence of orthologs of the genes of the inferred genomic islands in 8 ''M. prototuberculosis'' genetic groups (Gutierrez et al. 2005) , the M. bovis BCG Pasteur strain, and a clinical strain (Mt14323) of M. tuberculosis. The reference M. tuberculosis strain H37Rv was used as a positive control of hybridization (table 4). All the tested genes were present in ''M. prototuberculosis'' indicating that all horizontal transfer events occurred in the progenitor species of the M. tuberculosis complex. However the presence of the genes tested seems to be not constant in all the genetic groups of ''M. prototuberculosis''. For example, we detected Rv0301 only in groups F and H, and we failed to detect Rv1044-Rv1053c in groups A to D. Two different evolutionary scenarios can thus be proposed: either all these genes were acquired by the progenitor of ''M. prototuberculosis'' and then lost in some of its groups, or they were independently acquired by the different groups of the species ''M. prototuberculosis'' and then shuttled to the last common ancestor of the M. tuberculosis complex by intra-species recombination. Multiple events of intra-species recombination have been already demonstrated for housekeeping genes in ''M. prototuberculosis'' (Gutierrez et al. 2005) . Moreover, in relation with the previous analysis with the members of the M. tuberculosis complex, some genomic islands seem to have undergone different rearrangements. Three types of islands can be described: islands with no apparent rearrangement, such as Rv2302-Rv2312 (gene Rv2307B in table 4); partially deleted islands, such as Rv2801c-Rv2827c (genes Rv2804c and Rv2819c) and mostly deleted islands, such as Rv1041c-Rv1055, corresponding to genes Rv1044 and Rv1053.
Putative Origin of Transferred Genes
We used the genomic signature, previously shown to be species-specific, to assign a putative origin to the 48 foreign genomic islands specific to tubercle bacilli. Rv3377c-8c Pethe et al. 2004 Thus, if the genomic islands have retained their foreign genomic characteristics, then it should be possible to search for species with a similar signature in our bank as the candidate species of origin of these horizontal transfers. We identified plausible donors (i.e. with a similar enough signature) for only 18 of the 48 genomic islands (see Methods section). Three major groups of donors were identified (figure 3): 1) Actinobacteria, including the genus Mycobacterium and the order Bifidobacteriales; 2) Proteobacteria, including the orders Burkholderiales, Pseudomonadales, Rhizobiales and Sphingomonadales and 3) viruses. Most of the possible donor species identified were Actinobacteria and the closest possible donors, in terms of similarity of signature, were Proteobacteria. The genomic islands detected can be clustered into four groups according to donor spectrum (table 5) . The potential donors of the islands in the first group were mostly Proteobacteria, and those of the second group were mostly Mycobacteria and Proteobacteria. The third group was unusual in that the potential donors always included a bacteriophage. Finally, all the potential donors of the islands of the fourth group were Actinobacteria. correspond to 48 genomic islands MT-complex specific. The cumulative length of these 48 regions accounted for about 4.5% of the genomes of the MT-complex, indicating that these genomes underwent a substantial exchange of genetic material with other species in their environment during the course of speciation. If we add the regions of HGT identified here to the acquired genomic islands common to all Mycobacteria sequenced to date or specific to only one species, MT-complex genomes are among the top 25% of species in terms of HGT levels. About half the MTcomplex-specific regions identified presented features typical of transferred regions ( figure 1, table 3A) . Indeed, we observed IS, repeats and tRNA at the boundaries of these regions, IS and repeated genes within these regions and the gene content of these regions differed from that of the rest of the genomes, with many ''unknown'' and virulence genes (table 3A&B). The combination of these genomic features with the detection of atypical genes and their presence in only MT-complex members of Mycobacteria supports the acquired nature of these regions.
Each of these specific regions is thought to have resulted from a single transfer event. However, not all the genes included in these genomic islands were identified as HGT. Indeed, genes in these regions undergo different selective pressures (Lawrence and Ochman 1997; Ochman, Lawrence and Groisman 2000) . Some are subject to the same selective pressures as the host genome and gradually acquire the same characteristics, to the point that they become undetectable and present all the features of a host gene. Some genes are partially, but not entirely modified by selection pressure, rendering them more similar to the host genome but detectable by only one method. Finally, some genes conserve their original foreign characteristics and are readily detected by the consensus method. It is unclear whether these genes have retained their properties because they cannot be changed, as they are indispensable to their new host, or whether they are essentially useless and likely to be deleted in the near future.
Further support for the recent transfer of these regions is provided by their ongoing rearrangement. Tubercle bacilli are thought to have arisen about a million years ago (Gutierrez et al. 2005) . If one cause of this speciation event was a substantial invasion of the genome by foreign sequences, then the detected regions may be considered young and still under host selection pressure. This selection pressure involves the deletion of unused parts of sequences or of sequences involved in the process of transfer itself (such as IS or repeats). These rearrangements may result in only one isolated gene from the original cluster remaining in the host genome (table 2) . We observed a large proportion of rearranged regions in MT-complex genomes (figure 2), a collection of bacilli of the ''M. prototuberculosis'' species, and a clinical strain (table 4). All these findings are consistent with a recent speciation event in the MT-complex ancestor species, linked to an invasion of the genome by foreign sequences. This hypothesis has been proposed in previous studies (Brosch et al. 2002; Gutierrez et al. 2005; RosasMagallanes et al. 2006a) and is supported by the results presented here.
What role did the transferred genes play? Several M. tuberculosis genes belonging to the genomic islands identified in this study have been previously identified as virulence genes in various genetic screening systems (table 3B) (Sassetti and Rubin 2003; Pethe et al. 2004; Stewart et al. 2005; Rosas-Magallanes et al. 2006b ). The Rv0986-8 operon, for instance, was characterized as playing a key role in the binding of M. tuberculosis to eukaryotic cells and trafficking within these cells in vitro (Pethe et al. 2004; Rosas-Magallanes et al. 2006b ). This example illustrates the role played by the acquired genes in the development of tubercle bacilli pathogenicity in mammals. These findings strongly suggest a role for HGT in the emergence of the members of the MT-complex as major pathogens.
The use of the signature species-specificity (Deschavanne et al. 1999; Deschavanne et al. 2000; Dufraigne et al. 2005) made it possible to suggest a potential origin for horizontal transfers retaining their original characteristics. We first checked the similarity of the signature of genes included in the same inferred transferred region. The results obtained were consistent with the hypothesis that these genes/regions were transferred together, in the same HGT event (Supplementary figure 2) . The species specificity of the signature can therefore be used to back-search for the species of origin of the transferred genes, or at least to provide some clue to the genus or family of the donor species, as signature conserves phylogenic relationships (Pride et al. 2003; Chapus et al. 2005) . By comparing the signature of the detected HGT with a bank of species signatures, we were able to identify potential donors for 18 of the 48 inferred regions (figure 3). As previously shown , the spectrum of donor species was MT-complex specific. This spectrum was dominated by Actinobacteria, including Mycobacteria, and Proteobacteria, represented by several families and including many pathogenic and soil bacteria. This provides a first clue to the origin of the virulence properties gained by the tubercle bacilli. We identified no very closely related donors for the recently transferred regions, confirming that these regions are under strong selective pressure. Alternatively, our bank may not contain the actual donor species, and may include only related species, as shown by similarity in signatures, but not a close relationship. Our bank of signatures based on GenBank represents only a small set (about 65,000 species) of existing prokaryotic species (at least millions of species) and this fact may explain why, in some cases, mycobacterium species are proposed as donors by default. A more detailed analysis (table 5) led to the classification of regions for which we had some indication as to the donor into four groups based on the potential origin of the HGT. This classification provides an indication of the minimum number of transfer events that took place during the MT-complex species emergence in addition to other events involved in speciation (Brosch et al. 2001; Fitzgerald and Musser 2001; Springer et al. 2004; Arnold 2007) . It therefore reflects the complexity of the birth of a new species. In our analysis of the events for which it was possible to suggest an origin (table 5), one of the groups was found to contain only Actinobacteria as donor species. Two groups had Actinobacteria species as major donors but secondary sources were also identified: Proteobacteria for one group and Viruses for the other. For the fourth group, only Proteobacteria were identified as potential donor species. This result is consistent with the conclusions of previous work in MT-complex genomes attributing the origin of a horizontal transfer region associated with virulence to a c-Proteobacterium (Rosas-Magallanes et al. 2006a ).
In conclusion, the results reported here support the hypothesis that the tubercle bacilli emerged as major human and mammalian pathogens following a substantial invasion of the genome of the ancestral environmental mycobacterial species by foreign DNA from soil bacteria (Rhizobiales) and bacteria capable of colonizing animals, such as cProteobacteria, which include a wide range of pathogens (Pseudomonadales, Burkholderiales). These results are consistent with those of a recent study dealing with HGT in M. avium sp. paratuberculosis (Marri et al. 2006) . Future functional studies, using M. tuberculosis mutant strains, should investigate the precise role of the genomic islands identified here in Mycobacteria pathogenicity. It would also be interesting to evaluate the occurrence of these genomic islands in various present-day M. tuberculosis genotypes (Filliol et al. 2006 ) and in various groups of the pathogenic ancestral species ''M. prototuberculosis.''
